Crystallographic studies of D-xylose isomerase (D-xylose ketol-isomerase, EC 5.3. 
It is suggested that the higher-temperature study of Carrell et al may have produced an equilibrium of multiple states, whose density fits poorly to the open-chain substrate, and led to incorrect interpretation. The two groups also bound different closed-ring sugar analogues to the enzyme, but these analogues bind differently. A possible explanation consistent with all the data is that the enzyme operates by a hydride shift mechanism.
The crystal structure of D-xylose isomerase (XI; D-xylose ketol-isomerase, EC 5.3.1.5), important in the food industry as glucose isomerase because it catalyzes the conversion of glucose to fructose, has been determined recently in several laboratories (1) (2) (3) (4) (5) . The enzyme is a symmetrical tetramer, with two cation sites in each subunit. Its catalytic action requires the transfer of two hydrogen atoms, to interconvert an aldose and a ketose. Two types of mechanism have been discussed (6) to explain the stereospecific hydrogen transfer (7, 8) , one going through an ene-diol intermediate ( Fig. 1 , Scheme I), and the other including the transfer of a hydride ion (Fig. 1 , Scheme II). The ene-diol mechanism has been demonstrated for triose phosphate isomerase, and the aldose ketose isomerases are often considered as a single class of enzymes (9) .
Unlike some other isomerases, XI has an absolute requirement for divalent cations (14) and the isomerization displays no solvent exchange at the C1 or C2 of the ketose or aldose, respectively (7, 15) . The sugar substrates of XI exist in solution predominantly in closed-ring forms, and XI acts and reacts specifically with the a-D-pyranose forms of xylose and glucose (15, 16) (9). A square indicates the hydrogen atom that is transferred stereospecifically. The ene-diol mechanism of Scheme I is the accepted mechanism of triose phosphate isomerase, and other enzymatic aldose to ketose conversions are often discussed in terms of this mechanism. The hydride shift mechanisms of Schemes Ha and fIb are believed to operate in the alkali-or acid-catalyzed conversions of some sugars (10, 11) . In Scheme Ha, a proton is withdrawn before the hydride shift, which then operates on an anionic form (12, 13) ; in Scheme fIb, the hydride transfer operates on a protonated form (11) .
one end of the molecule likely to represent C6; (ii) when the cyclic 6-carbon sugar analogue TGP is bound (Fig. 2a) , the bulb of density representing the 6-methylhydroxyl group is observed at the site associated with C6 of sorbitol; (iii) the refined conformations for D-xylose/xylulose retain the same torsion angles about the C4-C5 bond, and the same interactions between 05 and His-53, 04 and cation site 1, as are observed for TGP, although the remainder of the sugar is bound in an extended conformation. With (17) is observed bound to the enzyme.
There are inconsistencies in the explanation given for the observed mode of binding of this inhibitor. Carrell et al. (19) suggest that "inactivation occurs with the open chain form" of DFMG and "cyclization follows the isomerization reaction." Since Carrell et al. (19) propose that His-53 is the base required for the isomerization of the ene-diol, their mechanism requires that His-53 cannot be alkylated until after the isomerization has taken place. IfDFMG binds in a productive conformation, then it must bind in a manner similar to their proposed D-xylose/xylulose conformation with 03 bound to the cation at site 1. This is not possible because DFMG has a fluoromethylene group at C3. Reconciliation. Once it is recognized that by good fortune Collyer et al. (18) conducted their experiment under conditions at which virtually all their bound substrate was in the extended-chain form, while Carrell et al. (19) were not so lucky, the resolution of their difference of interpretation is straightforward. Fig. 2b shows the substrate conformation proposed by Carrell et al. (19) , giving the best fit for their electron-density map for S. rubiginosus XI; but it is illustrated in relation to the structure of the Arthrobacter active site observed by Collyer et al. (18) . In Fig. 2c The observed DFMG inactivation is consistent with the mode of binding of Fig. 2c . In this conformation, the replacement of 03 by fluoromethylene as in DFMG would bring the alkylating group close to His-53; if the analogue were bound in this conformation, alkylation of the histidine seems almost certain to follow. The isomerization step does not involve His-53 and therefore may occur independently of the alkylation. Ring closure would not be catalyzed by the enzyme, but it could presumably occur spontaneously as it does in free solution.
CONCLUSION
The two interpretations of the orientation of the substrate D-xylose/xylulose have led to opposite conclusions concerning the isomerization mechanism. Carrell et al. (19) consider His-53*, polarized by Asp-56* behind it, as the monoprotic base accepting a proton from C2 of D-xylose and transferring it to C' to form xylulose (Fig. 1, Scheme I) . A water molecule between Thr-89* and Thr-90* polarizes the carbonyl group COl, delivering a proton to it, and subsequently accepts a proton from 02. The role of the cations is to "maintain the structural integrity of the active site," and for site 1 to "stabilize the open-chain form of the sugar by binding the hydroxyl groups at the end of the molecule most distant from the site of the isomerization reaction" (19) . It is suggested that the mode of binding of DFMG, alkylating His-53*, confirms its role as the monoprotic base (Fig. 1, Scheme I) . In this proposed ene-diol mechanism O1and 02 must be in a cis conformation, with a monoprotic base adjacent to C1, and (Fig. 2a) . The conformation proposed for the open-chain substrate (Fig. 4) is readily reached after ring opening, with little or no movement of C4 and C' Of D-xylose.
With the substrate in the open-chain conformation, there is no base positioned above the Cl-C2 bond, as required for the ene-diol mechanism. The isomerization site at C1-C2 is close to the cation binding sites, and it is proposed that cations facilitate the isomerization by ionization: there is some evidence (18) that the cation in site 2 moves slightly to site 2' to coordinate 01 and 02 during the transition. In the presence of substrate, with Al3l at site 1, Mg2+ is detected at a site 2' 1 A from site 2 (Fig. 3) . Cation 2, assisted by Lys-182 and cation 1, is the electrophile that expels the proton from 02 during the shift of the hydride ion. The substrate becomes anionic in the transition state (Fig. 1, Scheme Ha) , and the proton acceptor is probably a water molecule situated between 01 and 02.
The side of the substrate where the hydride shift occurs is in a totally hydrophobic environment, surrounded by Trp-136, Phe-93, and also Phe-25 from an adjacent subunit (Fig.  3) . Thus, as observed (15, 16) , there can be no exchange of the hydride ion with solvent. Although there is no mechanistic requirement for a syn conformation at C'-C2, an approximate syn conformation is indicated by the electron density for this end of the substrate, bringing 01 and 02 close together in contact with the cation near site 2, and is consistent with the observed stereochemistry of hydride transfer (7, 8) .
The observations and the interpretation of substrate binding of Collyer et al. (18) are consistent with the observations reported by Carrell et al. (19) . The interpretation presented by Carrell et al. (19) is internally inconsistent and disagrees with biochemical data. Although x-ray crystallography of stable states cannot prove a kinetic mechanism, and although the interpretation of electron density must be equivocal when individual atomic positions are not resolved, the data presented here and elsewhere (18) suggest strongly that this enzyme operates by a hydride shift mechanism (Fig. 1 , Scheme Ha).
